Presently, most cruciferous vegetables are F 1 hybrid varieties whose seeds are produced using the self-incompatibility (SI) system. In addition, high F 1 purity, implying a high proportion of F 1 hybrids in total harvested seeds, is required for seeds due to the recent mechanization and intensive production of fresh vegetables. However, it is very difficult to stably produce high purity F 1 seeds, because actually there is not complete SI. Therefore, raising parental lines with a stable and high level of SI has been an important breeding objective (Niikura et al. 2004) .
SI in cruciferous plants is controlled by a series of multiple alleles (S) acting sporophytically (Bateman 1955) . More than 30 S-haplotypes have been identified in Brassica rapa (Hinata and Nishio 1978 , Nou et al. 1993 , Sakamoto and Nishio 2001 . Studies on S-haplotypes have been carried out since the first identification of the S-locus-specific glycoprotein (SLG) which occurs in the stigma papillae in B. oleracea (Nasrallah and Wallace 1967) , and SLG has been isolated and sequenced (Nasrallah et al. 1985 (Nasrallah et al. , 1987 . Shaplotypes can be assigned to one of two classes (class-I or class-II) by sequence homology of SLG. In B. rapa, out of 27 S-haplotypes, at least 18 S-haplotypes belong to class-I and 5 S-haplotypes belong to class-II (Nishio et al. 1996) . By the analysis of S-haplotype, it was confirmed that SRK (S receptor kinase), which is closely linked to SLG is the S stigma determinant, and SP11/SCR (S-locus protein 11 or S-locus cystein-rich protein) is the S pollen determinant in the SI system (Schopfer et al. 1999 , Takasaki et al. 2000 , Shiba et al. 2001 .
There are genetic variations in the level of SI (Haruta 1962 , Ruffio-Chable et al. 1997 , Niikura and Matsuura 1999 , and SI can be easily repressed internally by individual senescence or externally by high temperatures (Haruta 1962 , Matsubara 1980 , Okazaki and Hinata 1987 . We assumed that using a more reliable evaluation of the level of SI to select the parental lines would lead to the stable production of F 1 seeds with a higher purity. By performing artificial self-pollination of opened flowers (artificial self-pollination test) in the crucifer Raphanus sativus L. (radish), we demonstrated that the level of SI is almost independent of the Slocus (Niikura and Matsuura 1999) . Based on our data, even if one parental line which shows a high level of SI is used for F 1 seed production, the F 1 seed purity sometimes decreases, not only in radish but also in Chinese cabbage and turnip (both B. rapa) (Niikura et al. 2003) . In the present study, we evaluated the level of SI in B. rapa by using insectpollination, which occurs in actual F 1 seed production fields and whose effectiveness was demonstrated in R. sativus (Horisaki et al. 2003) . We examined the usefulness of insect-pollination compared with artificial self-pollination in B. rapa.
Plant materials
Twenty-nine inbred lines of Chinese cabbage and turnip, homozygous for the S-haplotypes were used. These inbred lines have been maintained by 5 to 11 self-and sibcrosses. S-haplotypes were identified, according to the method of Kho and Baer (1968) . In brief, opened flowers were artificially cross-pollinated among each of the 29 inbred lines, and pollen tube penetration into the stigma was monitored through a fluorescent microscope after basic aniline blue staining. If fewer than 3 pollen tubes were observed, the parental lines used for cross-pollination were considered to harbor the same S-haplotypes. To identify already-known Shaplotypes, the nucleotide sequences of SLG in each Shaplotype were determined by the method of Niikura and Matsuura (1997) , and their homologous sequences were searched in the DNA Data Bank of Japan (DDBJ). In the 29 inbred lines, at least 12 S-haplotypes were identified. Of these, 11 had been previously identified (S 25 , S 35 , S 40 , S 44 , S 46 , S 99 ; Nou et al. 1993, S 52 , S 53 , S 54 , S 56 , S 60 ; Sakamoto and Nishio 2001) , and one was a new S-haplotype that was tentatively designated as S A .
Artificial self-pollination test
The plants used for the artificial self-pollination test were grown according to standard usual management techniques and schedule for raising parental lines for F 1 hybrid varieties. In brief, they were sown between July 27 and September 14, 2001, and transplanted between October 25 and January 10, in the greenhouse of Tohoku Seed Co. in Utsunomiya, Tochigi, Japan. Each inbred line flowered between late January and early April, and the flowering period ended between mid-April and mid-May. Outside of the greenhouse, the maximum temperature during the flowering period ranged from 5°C to 27°C, and the minimum temperature ranged from −7°C to 15°C. To prevent the lack of fruiting associated with low temperature injury, the minimum temperature in the greenhouse was maintained at above 5°C after the plants had flowered. The artificial self-pollination test was carried out on ca. 15 flowers, at stages from immediately after opening to shedding, for 1 to 6 plants of each inbred line, and on 1 to 2 flower clusters per plant, according to the method of Niikura and Matsuura (1999) . One month after self-pollination, the numbers of pods and seeds were counted, and the rate of pod setting (number of pods bearing seeds/number of pollinated flowers) and the number of seeds per flower (number of seeds/number of pollinated flowers) were calculated. The SI level of each inbred line, based on the artificial self-pollination test, was calculated as the average of these values among all the plants from the same line. The maximum temperature on the days on which the artificial self-pollination test was carried out was also determined and averaged.
Insect-pollination-incompatibility test
To determine the level of SI, the insect-pollinationincompatibility (IPI) test was used according to the method of Horisaki et al. (2003) . In brief, the 29 inbred lines used in the artificial self-pollination test were also sown in the field or in the greenhouse between October 10 and December 20, 2001, and nursed by the usual methods, and 2 to 6 plants of each inbred line were transplanted to separate isolated net tents. Beehives were placed in each tent during the flowering period, and the bees were allowed to visit the flowers randomly. Each inbred line flowered between mid-March and mid-May, and the flowering period ended between early May and mid-June. Outside of the net tents, the maximum temperature during the flowering period ranged from 10°C to 31°C, and the minimum temperature ranged from −3°C to 20°C. One month after the flowering period ended, 2 or 3 first branches of each plant were randomly selected, and the numbers of pods and seeds were counted. The rate of pod setting and the number of seeds per flower were calculated as in the case of the artificial self-pollination test.
Relationship between the level of SI and S-haplotypes
The rate of pod setting and the number of seeds per flower obtained by the two methods, the artificial selfpollination test and the IPI test, were compared for each Shaplotype (Table 1) . Smaller values for the rate of pod setting and the number of seeds per flower indicated a higher level of SI. The large genetic variations in the level of SI were recognized in the artificial self-pollination test and the IPI test. In the artificial pollination test, the rate of pod setting ranged from 0 % to 78 %, and the number of seeds per flower ranged from no seed to 6.2 seeds. In the IPI test, the rate of pod setting ranged from 3 % to 81 %, and the number of seeds per flower ranged from 0.1 seeds to 6.6 seeds.
High to low level of SI was observed within lines with the same S-haplotypes, irrespective of whether they belonged to class-I or class-II. In the artificial self-pollination test, the lines with the S 40 , S 54 and S A haplotypes showed a variable level of SI; the rate of pod setting ranged from 2 % to 78 %, and the number of seeds per flower ranged from 0.1 seeds to 6.2 seeds. In the IPI test, the lines with the S 40 and S 44 haplotypes showed a variable level of SI; the rate of pod setting ranged from 10 % to 81 %, and the number of seeds per flower ranged from 0.2 seeds to 6.6 seeds. Moreover, there was no significant difference in the rate of pod setting or the number of seeds per flower between the lines with class-I and class-II S-haplotypes in either test (data not shown). Thus, for the most part, the level of SI was genetically independent of the S-haplotype in B. rapa, as previously reported in R. sativus and B. oleracea Matsuura 1999, Ruffio-Chable et al. 1997) . However, all the lines with the S 46 , S 54 and S A haplotypes tended to display lower levels of SI in the IPI test. That is, the rate of pod setting exceeded 40 % and the number of seeds per flower exceeded 1.1 seeds. In these lines with such S-haplotypes, the SRK gene located at the S-locus may be directly responsible for reducing the level of SI (Goring et al. 1993 , Tantikanjana et al. 1993 ). Thus, we assumed that the lines with these Shaplotypes would not be suitable as parental lines to produce F 1 hybrid seeds.
Comparison between the rate of pod setting and the number of seeds per flower
The rate of pod setting and the number of seeds per flower acted as indicators of the level of SI. Based on the artificial self-pollination test, the positive correlation obtained between these two indicators was highly significant (r = 0.92, P < 0.001; Table 1) . Similarly, the positive correlation found in the IPI test was also significant (r = 0.77, P < 0.001; Table  1 ). Therefore, although both appeared to be useful indicators, we assumed that the rate of pod setting was actually more appropriate, based on the time taken for the investigations.
Effectiveness of the IPI test for evaluating the level of SI
The rate of pod setting in the 29 inbred lines was compared using the artificial self-pollination test and the IPI test. The positive correlation between the two methods ( Fig. 1 ) was significant (r = 0.62, P < 0.001). Most of the lines showed a higher rate of pod setting in the IPI test (average 44 %) than in the artificial self-pollination test (average 20 %) (Table 1, these lines were plotted above the y = x line in Fig.  1) . Moreover, the lines that were considered to display a high level of SI (less than 20 % pod set) in the artificial selfpollination test showed widely ranging levels of SI when evaluated in the IPI test. This is the major result. Thus, the IPI test appeared to be a more reliable method for evaluating the level of SI in B. rapa, as reported in R. sativus (Horisaki et al. 2003) .
Methods previously reported for evaluating the level of SI included the observation of pollen tube penetration into the stigma through a fluorescent microscope after basic aniline blue staining (Ruffio-Chable et al. 1997) , and the observation of the rate of pod setting after artificial selfpollination of opened flowers (Niikura and Matsuura 1999) , which was also used in the present study. Regarding the microscopic method, the observation of pollen tubes enables to evaluate level of SI one day after pollination. However, the method is not always correlated with the presence of seeds accounting for the competition of the duration of Shaplotype activity and the longevity of the ovule and pollen functions (Ruffio-Chable et al. 1997) . With the artificial self-pollination test, the level of SI can be estimated from the seed set which is the final product of SI. However, as men-tioned above, this method is less effective than the IPI test in raising parental lines for stable production of high purity F 1 seeds. Why was the IPI test more reliable than the artificial self-pollination test for evaluating the level of SI? As we have already reported (Horisaki et al. 2003) , mixed and successive pollinations by self-and sib-crosses were performed in the IPI test. Furthermore, in the artificial self-pollination test, the level of SI is evaluated under various environmental conditions only around the time of pollination, while in the IPI test, the level of SI can be evaluated over a period as long as 3 to 4 weeks, that is during the flowering period of the primary branch in this experiment. Matsubara (1980) and Okazaki and Hinata (1987) observed that SI might be repressed under high-temperature conditions. In the present study, also, high temperature was one of the factors that reduced the level of SI. The difference in the rate of pod setting between the artificial self-pollination test and the IPI test was compared in relation to the maximum temperature of the day on which artificial self-pollination tests were performed ( Table 2 ). The average rate of pod setting in the IPI test was 14.5 % higher than in the artificial self-pollination test when the artificial self-pollination test was carried out on a day on which the maximum temperature was exceeded 20°C. When the maximum temperature was less than 10°C, the difference was 38.5 %. In general, the difference in the rate of pod setting between the two tests increased as the maximum temperature decreased. However, even if the artificial selfpollination tests were performed at a higher temperature (more than 20°C in this study), there was a 14.5 % difference between the two tests in the rate of pod setting. Thus, it is possible that other factors also reduced the level of SI and were responsible for the differences between the artificial self-pollination test and the IPI test. We are currently conducting further tests to identify these factors. For breeders, to raise parental lines with a stably high level of SI has been an important breeding objective which could be achieved by evaluating the SI level using the IPI test. 
